Pastes of a low-carbon concrete in which ground-granulated blast-furnace slag was hardened by activators were subjected to accelerated carbonation to investigate the changes in the pore structure and composition of hydrates. The carbonation rate was more strongly correlated with Ca/(Si + Al) of calcium silicate hydrates (CSH) than with Ca/Si, with the rate being higher with a decrease in Ca/(Si + Al). Carbonation reduced the porosity but increased large-diameter pores, and a mixture with a higher carbonation rate showed more significant coarsening of pores. It was also found that different reactions occurred in different region of the paste. A mechanism was suggested whereby CSH in the inner products is strongly affected by carbonation to decompose to an amorphous silica gel, with the released Ca transferring out of the grains to form CaCO 3 . In the outer products, the Ca/Si of CSH was reduced by carbonation similarly to the inner products, but the decomposition did not proceed to a silica gel as long as Ca(OH) 2 remained to be present.
Introduction
Every industry has been required to reduce its CO 2 and other greenhouse gas emissions in recent years, with the construction industry being no exception. The production of 1 m 3 of concrete, which is a key material for construction, emits approximately 250 kg of CO 2 , more than 90% of which is derived from the production of Portland cement. 1) Since a reduction in the usage of Portland cement leads to a reduction in the CO 2 emissions from the production of concrete materials, blast-furnace slag cements (Types B and C) are designated as special procurement items by the Act on Promoting Green Purchasing. Active research has also been carried out in recent years on concrete with a high content of mineral admixtures to a level exceeding the range specified by JIS.
2)
The authors have been developing environment-friendly concrete in which ground-granulated blast furnace slag (hereafter BFS) is hardened by sodium carbonate or calcium-based activators 3),4) to achieve further reductions in the CO 2 emissions by not using cement. The authors aim to develop a product with a nominal strength of around 24 N/mm 2 , which is placeable in situ with no need for steam curing. This concrete can reduce the CO 2 emissions to 1/4 and 1/2 of those from traditional concrete made using normal Portland cement and concrete made using blastfurnace slag cement type B, respectively. The use of a large amount of blast furnace slag, a byproduct from the steelmaking process, also contributes to the promotion of the 3R (reduce, reuse, and recycle) initiative. While having excellent resistance to chloride penetration, however, this concrete is also characterized by its rapid carbonation. 4) Concrete with high BFS and fly ash contents is generally prone to rapid carbonation, and this is one factor inhibiting its widespread use. An explanation for this phenomenon is the small amount of Ca(OH) 2 formation, which leads to a low CaOtoSiO 2 ratio (Ca/Si) of calcium silicate hydrates (xCaOySiO 2 zH 2 O, molar ratio of x:y:z is non-stoichiometric, hereafter CSH) causing the high decomposability. However, there have been few studies that dealt with the changes in composition of CSH due to carbonation in a quantitative manner. It has also been reported that a coarsening of pores due to carbonation can lower the barrier performance of concrete when a concrete contains a large function of mineral admixtures. 5) In this study, with the aim of elucidating the alteration behavior of the hydrates due to carbonation of concrete with a high BFS content, three types of pastes with different carbonation rates and Ca/Si ratios of CSH were studied. With a particular focus on the composition of CSH, which accounts for the major part of hardened paste, changes in the composition due to carbonation were clarified by a scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectrometer (EDS), thereby investigating the reaction mechanism of carbonation. Table 1 gives the binder composition of the pastes. "Ca-BFS" denotes a paste in which BFS was hardened by using calciumbased activators, namely Ca(OH) 2 and an expansive additive. "Na-BFS" denotes a paste in which BFS was hardened by using a 10% Na 2 CO 3 as the activator. Blast-furnace slag cement type B (hereafter BB), which is a widely-used material, was used as a benchmark mixture in the present study. As described below, these three mixtures form CSH with different Ca/Si ratios and amounts of Al incorporation after hardening. Tables 2 and 3 show the chemical compositions of the materials and the mineral compositions determined by the XRD-Rietveld method, respectively. The same BFS containing anhydrite was used for both Ca-BFS and Na-BFS. Excepting anhydrite, the BFS consisted of a glass phase. More than 50% of the expansive additive consisted of CaO (lime), Ca(OH) 2 , and anhydrite, with the rest being the constituent minerals of cement clinker such as C 3 S and C 2 S. The expansive additive expands to form Ca(OH) 2 and ettringite through hydration, thereby restraining cracking of concrete. Moreover, in this research, expansive additive is expected to play a role of an activator for the reaction of BFS. The BB, which is a commercial product, comprises 42% BFS and 54% Portland cement, and calcium carbonate (calcite), a small addition of which is approved by JIS.
Experimental

Materials and mix proportions
Fabrication of specimens
The pastes were manually mixed for 2 min, placed in cylindrical polystyrene bottles 25 mm in diameter to a depth of 40 mm, and made uniform by slowly stirring at 30 min intervals until bleeding subsided. The bottles were then sealed and left to stand in plastic containers with water at the bottom and moist-cured for 10 months in a room at 20°C. After curing, these samples were demolded and cut into 3 mm slices (º25 by 3 mm) using a disc cutter, with the top 5 mm being discarded to eliminate the influence of bleeding.
The slices were subjected to accelerated carbonation for 7 or 28 days in an environment at 20°C, 60% R.H., and a 5% CO 2 concentration. The slices were then removed from the environment and immersed in a large amount of isopropanol for 1 week to stop hydration by solution exchange. During this period, the entire amount of isopropanol was exchanged on the first, third, and fifth days. The slices after the termination of hydration were subjected to analysis after drying as described in next section.
Analysis methods
Changes after carbonation were examined by evaluating the minerals by X-ray diffractometer (XRD), residual Ca(OH) 2 by thermal gravimetric-differential thermal analyzer (TGDTA), porosity and pore size distribution by mercury intrusion porosimeter (MIP), and CSH composition by scanning electron microscope equipped energy dispersive X-ray spectrometer (SEM-EDS). For XRD and TGDTA measurement, the slices after the termination of hydration were dried using an aspirator for more than 1 week and pulverized. In TGDTA, while the powder was heated from the room temperature up to 1,000°C at a rate of 20°C/min under a N 2 flow, changes in the mass and endotherm and exotherm were measured. As to MIP, the slices were D-dried for more than 1 week and then broken to a size of around 5 by 5 by 3 mm. The porosity and pore size distribution between 3 nm and 100¯m were determined. As for SEM-EDS, D-dried samples broken to a size of around 10 by 5 by 3 mm were impregnated with epoxy and mirror-polished. The SEM (SU 8200, Hitachi High-technologies) observation was carried out with a voltage of 15 kV in high vacuum condition (<5 © 10 ¹5 Pa), working distance of 12.5 mm and magnification of 3,000 to 5,000. Hydrates were distinguished from unhydrated grains by the brightness and shapes on the backscattered electron images (hereafter BSE images), and only hydrate parts were analyzed by EDS. Around 10 view fields were observed per sample, with EDS being measured at 10 to 20 points per view field, to collect composition data at more than 100 points in total. Based on these data, the compositions of the CSH were determined by trend analysis 6),7) as described later.
Results and discussion
Carbonation rate of each mixture
As basic information on concrete carbonation, Fig. 1 shows the carbonation depth of concrete specimens of each mixture subjected to accelerated carbonation beginning at an age of 28 days.
4) The compressive strength of BB, Ca-BFS, and Na-BFS at the beginning of the accelerated carbonation testing was 31, 31, and 40 N/mm 2 , respectively. The carbonation of Na-BFS is rapidest, followed by Ca-BFS and BB in this order. The carbonation rate of Ca-BFS is twice as high as that of BB, while the rate of Na-BFS is 3.5 times as high as that of BB. Significant differences are thus found between their carbonation resistances despite their similar strengths. BFS was used for both Ca-BFS and Na-BFS paste.
3.2 Changes of pore structure and mineral composition due to carbonation Table 4 and Fig. 2 show the porosity and changes in the pore structure after carbonation for 7 days, respectively. Though the porosity of all mixtures decreases after carbonation, their pore diameters increase. Na-BFS with the highest carbonation rate particularly shows the most significant increase in the mode diameter (coarsening). This suggests a possibility that the resistance to mass transport of this paste may decrease after carbonation. Figure 3 to Fig. 5 show the XRD patterns of BB, Ca-BFS, and Na-BFS before and after carbonation, respectively. Prior to carbonation, BB formed ettringite (Designated as E in the figure, 3CaO·Al 2 . After carbonation, these were all decomposed, excepting hydrotalcite, to form a large amount of CaCO 3 which was mainly calcite and vaterite, and a small amount of aragonite.
As to Ca-BFS (Fig. 4) , ettringite and portlandite were the main hydration products before carbonation. These were decomposed by carbonation, similarly to BB, to form a large amount of CaCO 3 (calcite, vaterite and aragonite). Gypsum is also formed, though at a small amount, by decomposition of ettringite.
Hydration products identified in Na-BFS (Fig. 5 ) before carbonation were calcite, hydrotalcite [HT, Mg 6 Al 2 (CO 3 )(OH) 16 · 4H 2 O] and hemicarbonate (HC), the AFm phase. Since calcite was not contained in the start materials, it is presumably formed from Ca ions, which were supplied from the hydration of BFS, and Na 2 CO 3 , the activator. While the AFm phase was decomposed after carbonation, no other appreciable change was observed in XRD patterns. Figure 6 shows the amount of Ca(OH) 2 measured by TG DTA. Most of Ca(OH) 2 in BB decomposes after carbonation for 28 days, whereas that in Ca-BFS decomposes after carbonation for 7 days. No Ca(OH) 2 is formed in Na-BFS before and during carbonation, as having been unidentified by XRD as well. Figure 7 shows the BSE image of BB before accelerated carbonation. The brightness of BSE images varies depending on the average atomic weight (density) of substances present at the measurement point. In a cement paste, the brightness of unhydrated cement is the highest, followed by BFS grains, which is nearly equal to Ca(OH) 2 were selected to point-analyze the composition of hydrates by EDS. The electron beam irradiated from SEM propagates into the sample, causing interaction, and the emitted characteristic X-ray containing the information on the compositions of hydrates present in the spherical region of approximately 3¯m. In this region, some hydrates including CSH are finely intermixed. A composition consisting of such combinations is obtained as a measurement. Therefore, the trend analysis using numerous point analyses data, which was proposed by Scrivener 6) and Wang et al., 7) was employed as a method for extracting the composition of CSH from among the commingled information. Figure 8 shows the relationship between the Si/Ca and Al/Ca (mole ratios) of BB before carbonation and after carbonation for 7 days measured by SEM-EDS. The measurements of Ca(OH) 2 (designated as CH in the figure) and calcite are plotted near the origin because their compositions are Si/Ca = 0 and Al/Ca = 0. Similarly, the AFm phase including monocarbonate and hemicarbonate is plotted near the point of Si/Ca = 0 and Al/Ca = 0.5. Since these hydrates normally coexist with CSH at various proportions, the Si/Ca measurements are distributed from 0 toward the positive direction of the x axis as the proportion of CSH at the measurement point increases. For this reason, by drawing trend lines from Ca(OH) 2 and the AFm phase through the measurements, it can be presumed that the measurement points with Si/Ca ratios greater than the intersection point represent the composition of the single-phase CSH. Since the measurement points with Si/Ca ratios lower than intersection point potentially include information of other hydrates (AFm and calcium hydroxide), that with higher Si/Ca are conventionally used for the calculation of Ca/Si of CSH. Before carbonation, the OP of CSH in BB are distributed in the range of 0.60¯Si/Ca¯0.75 [ Fig. 8(a) ], with the average Ca/Si (reciprocal of Si/Ca) and Al/ Si (Al/Ca © Ca/Si) being calculated as 1.55 and 0.17, respectively. Note that the y axis of this figure is corrected by subtracting the Al present in the form of hydrotalcite (HT) as previously reported 7) , 8) to precisely grasp the amount of the Al uptake in CSH.
Changes in C-S-H composition by carbonation
Figure 8(b) shows the measurements of BB after carbonation for 7 days. Most of the measurement points for the IP of slag grains and cement grains are found to shift from the area 0.60S i/Ca¯0.8 to a higher range of Si/Ca < 10. This suggests that CSH is decalcified to a state of low Ca/Si. CSH is known to take a tobermorite-like structure 9),10) on a nanoscale. Though the lower limit of Ca/Si in tobermorite is considered to be 0.67 (2/3), most Ca/Si values of the IP after carbonation are significantly lower than this limit (i.e., Si/Ca > 1.5). It is therefore presumed that CSH can hardly retain the tobermorite-based structure and is likely to decompose into a state of a Ca-modified amorphous silica gel (hereafter silica gel) as pointed out in previous papers.
11)
Figure 8(c) shows the same graph as Fig. 8(b) with an expanded x axis. As to the OP of BB, the Si/Ca at many measurement points is found to decrease to 0.2 to 0.4. In contrast to the IP, the compositions of the OP appear to change to shift toward the origin by forming CaCO 3 . If Ca(OH) 2 and CSH of the OP decomposed and the resulting Ca instantly changed to CaCO 3 , then the Si/Ca would not have changed. It is therefore considered that Ca transfers from the IP to the OP to form CaCO 3 . Also, some measurement points of OP shifted to higher values of 0.8 < Si/Ca < 1.5, suggesting simultaneous reaction in which CSH changed to the one with lower Ca/Si due to decal- cification. However, the fact that Ca/Si remains above 0.67 (Si/Ca > 1.5) indicates that the decalcification was not as drastic as the formation of silica gel.
It is therefore presumable that, in the carbonation reaction under accelerated testing, CSH of the IP is decalcified, decomposing to CSH with a low Ca/Si or a silica gel, while formation of CaCO 3 and reduction in the Ca/Si of CSH simultaneously proceeds in the OP.
Similarly, Fig. 9 shows the results of SEM-EDS analyses for Ca-BFS before and after carbonation by SEM-EDS. In Ca-BFS, the reaction layers on the surfaces of BFS were so thin that measurement of the IP composition was impossible. As for the OP, the average Ca/Si and Al/Si of CSH before carbonation were 1.64 and 0.35, respectively, with the Ca/Si being equal to or greater than that of BB despite the large amount of BFS contained. A large amount of Al uptake is also noted. As shown in Fig. 1 , the carbonation rate of Ca-BFS is higher than BB. After carbonation for 7 days, many measurement points shifted toward the origin similarly to BB, forming CaCO 3 . It is also found that the measurement points partially shifted toward the higher Si/Ca side, suggesting simultaneous decalcification of CSH. However, Ca/Si remains above 0.67 (Si/Ca > 1.5), implying that the decalcification does not proceed to the silica gel. These tendencies of reaction are similar to those of the OP of BB. Figure 10 shows the results for Na-BFS before and after carbonation by SEM-EDS. Since the OP were difficult to distinguish from the IP in this mixture, the allocation may not be correct in some measurement points. However, the CSH composition of the OP before carbonation [ Fig. 10(a) ] includes Ca/Si = 1.17
and Al/Si = 0.26, with the Ca/Si being significantly lower than those of the other two mixtures. After carbonation [ Fig. 10(b) ], the decalcification of CSH in the IP leads to low Ca/Si CSH or a silica gel, showing tendencies similar to BB. Note that, while the x-axis shown in this figure is limited to a range of Ca/Si¯4, the Ca/Si of the IP was actually distributed to a range of up to 12. As for the OP, many measurement points shift toward the origin due to the formation of CaCO 3 , whereas in Na-BFS, the Ca/Si of part of CSH substantially decreases, to form a silica gel.
As to the results of SEM-EDS analysis of BB and Na-BFS after carbonation for 28 days, the Ca/Si of the IP tends to be even less than the ratio after carbonation for 7 days, whereas the distribution of the OP remains nearly the same. The OP of Ca-BFS after 28 days are also similar to those at 7 days. This is presumably because the drying due to the accelerated environment (60% R.H.) inhibited the progress of carbonation.
Reaction mechanism of carbonation
As shown in Fig. 1 , the carbonation rate of Na-BFS is fastest, followed be Ca-BFS and BB in this order. As is well-known, the lower the Ca(OH) 2 content before carbonation (Fig. 6) , the faster the carbonation rate becomes. Table 5 gives the CSH compositions before carbonation. It is generally known that a mixture with a higher Ca(OH) 2 content leads to a higher Ca/Si of CSH, resulting in slower carbonation. However, the carbonation rate is more strongly correlated with Ca/(Si + Al) than with Ca/Si. While the Ca/Si of Ca-BFS is at a level equal to or higher than that of BB, its Ca/(Si + Al) is significantly lower due to the incorporation of Al. Al is known to be located in place of Si at Journal of the Ceramic Society of Japan 125 [6] 533-538 2017 JCS-Japan the bridging site of the SiO chain in CSH, 9),10) presumably behaves in a similar manner with Si during carbonation. Therefore, since Al content is likely to be high in the mixtures using a high percentage of mineral admixtures, Al has a strong impact on the carbonation resistance, as shown in this research.
The SEM-EDS analysis revealed that IP are strongly affected by carbonation, with CSH releasing Ca to decompose to a silica gel. In consequence, Ca content significantly decreased in IP. In OP, Ca(OH) 2 decomposes to CaCO 3 as proven by powder X-ray diffraction and TGDTA. In Na-BFS with a low Ca/Si, decomposition of CSH to a silica gel was confirmed even in the OP, but decomposition in the OP of BB and Ca-BFS was not significant, suggesting that a silica gel is not likely to be formed while Ca(OH) 2 coexists. Moreover, from the results that Ca content in IP decreased dramatically, and CaCO 3 formed in OP though Ca/ Si of CSH did not significantly decrease in the case of BB and Ca-BFS, it is plausible that Ca released from the IP transfer to the OP, to form CaCO 3 . Figure 11 shows the BSE images of BB after accelerated carbonation for 7 days. A large number of fine cracks are found not only in BB but also in Na-BFS after carbonation. Cracks mostly tend to occur in the IP and at boundaries between IP and OP, though quantitative evaluation is difficult. This is presumably because low-Ca/Si CSH and a silica gel formed by carbonation are vulnerable to drying or cause volume changes during decomposition. As stated above, the porosity of pastes decreases after carbonation, but pores with a large diameter increase. As demonstrated by MIP, this coarsening is more significant in a paste with a higher carbonation rate (Table 3 and Fig. 2) . Reduction in the barrier performance due to fine cracks and pore coarsening is also considered to be one cause of the rapid carbonation along with the decomposability of CSH by carbonation which is significant in inverse proportion to Ca/(Si + Al).
Conclusions
With the aim of elucidating the mechanism of carbonation of cement containing a large amount of ground-granulated blastfurnace slag (BFS), the authors investigated changes in the pore structure and hydrates in an accelerated carbonation environment.
With a special focus on CSH, changes of its composition in the inner products (IP) and outer products (OP) were evaluated by SEM-EDS. The following conclusions were obtained: 1) Carbonation reduces the porosity but increases the largediameter pores (coarsens the pores). Mixtures with a high carbonation rate lead to more significant pore coarsening due to carbonation. 2) The carbonation rate is more strongly correlated with Ca/ (Si + Al) of CSH than with Ca/Si. The carbonation rate of a mixture with a lower Ca/(Si +Al) becomes higher.
3) The CSH of the IP releases Ca due to carbonation to drastically reduce the Ca/Si, decomposing to a Camodified amorphous silica gel (Ca/Si < 2/3). In the OP, Ca(OH) 2 decomposes into CaCO 3 . Furthermore, Ca released from the IP transfers to the OP to form CaCO 3 . 4) The Ca/Si of CSH in the OP is reduced by carbonation, but the decomposition is not so significant as to form a silica gel while Ca(OH) 2 is present. 5) After carbonation, cracks occurred in the IP and at the boundaries between OP and IP. This was presumably related to the formation of a silica gel. In consideration of this and the fact that coarsening of pores was confirmed by mercury intrusion porosimetry, reductions in the barrier performance after carbonation can be a cause of the high carbonation rate. As stated above, accelerated carbonation causes significant changes of the hydrates. The authors intend to compare these results with carbonation in actual environments. 
